B cells home to the lymph nodes (LNs) via high endothelial venules (HEVs) under the guidance of chemokines, particularly CXCL13. However, as CXCL13 is not directly made in HEVs, the molecular mechanism mediating B-cell homing to LNs has remained unclear. We show here that nuclear factor (NF)-κB-inducing kinase (NIK), a kinase mediating activation of the noncanonical NF-κB pathway, functions in lymphatic endothelial cells (LECs) to regulate B-cell homing to LNs. LEC-conditional deletion of NIK in mice did not affect the integrity or global function of lymphatic vessels but caused a severe reduction in the frequency of B cells in LNs. The LEC-specific NIK deficiency did not affect the survival of B cells or the frequency of B cells in the spleen. B-cell adoptive transfer studies revealed that the LEC-specific NIK deletion impairs the ability of LNs to recruit B cells. We further show that NIK mediates expression of the chemokines CXCL13 and CCL19 in LECs. Although CCL19 is also expressed in blood endothelial cells (BECs), CXCL13 is not produced in BECs. These results suggest that NIK regulates naive B-cell homing to LNs via mediating production of the B-cell homing chemokine CXCL13 in LECs.
INTRODUCTION
Lymphocytes continuously circulate among blood, lymph and secondary lymphoid organs, including spleen and lymph nodes (LNs). 1 To enter LNs, naive lymphocytes adhere to and transmigrate through specific blood vessels known as high endothelial venules (HEVs). [2] [3] [4] Lymphocyte homing to LNs is a multistep process mediated by interaction between circulating lymphocytes and specialized vascular endothelium through adhesion molecules, including chemoattractant receptors, selectins and integrins. 5, 6 Different chemokines produced in and around HEVs play a crucial role in the specificity of lymphocyte trafficking to LNs. The interaction between CCL21/CCL19 and their receptor CCR7, which is expressed by naive T cells, is crucial for T-cell homing to LNs through adhesion to HEVs. [7] [8] [9] The migration of B cells into LNs is only slightly affected in CCL21/CCL19-deficient mice 8 but is significantly reduced in CXCL13-deficient mice, 10 suggesting a critical role of CXCL13 in regulating B-cell homing. Indeed, naive recirculating B cells express a high level of CXCR5, the receptor for CXCL13. 11 Unlike CCL21, which is expressed by the endothelial cells of HEVs, CXCL13 is produced by non-HEV cells and transported to the luminal surface of HEVs. 10 Effective circulation is achieved by two specialized vascular systems: the blood vasculature and the lymphatic vasculature. One of the most specific markers for lymphatic endothelial cells (LECs) is lymphatic endothelial hyaluronan receptor 1 (Lyve1) that has been widely used for the detection and isolation of LECs. [12] [13] [14] The lymphatic vascular system plays a crucial role in fluid homeostasis, immune surveillance and lipid absorption. 15, 16 During immune responses, dendritic cells (DCs) uptake antigens in peripheral tissues and migrate through afferent lymphatic vessels to regional LNs, where they present specific antigens to T cells to initiate an immune response. Emerging evidence suggests that lymphatic vessels also play an active role in regulating different aspects of immune functions, such as lymphocyte trafficking, antigen presentation and immune tolerance. 17 In particular, LECs interact with both innate immune cells and lymphocytes and, thereby, regulate their migration and functions. 17 Malfunction of lymphatic vessels can lead to many diseases, including lymphedema, inflammation and tumor metastasis. 15, 16 The molecular mechanism regulating the function of lymphatic vessels is incompletely understood.
Nuclear factor-κB (NF-κB) proteins function as dimeric transcription factors that regulate a broad range of biological processes including inflammation, lymphoid organogenesis and immune responses. 18 The activation of NF-κB family of transcription factors occurs via two major signaling pathways: the canonical and the noncanonical NF-κB pathways. The noncanonical NF-κB pathway activates upon the processing of p100 that is tightly controlled in a signal-induced manner. 19, 20 One of the major noncanonical NF-κB-inducing receptors is lymphotoxin-β receptor (LTβR) that is expressed on stromal organizer cells that mediates lymphoid organ development by inducing specific chemokines including CCL19, CCL21, CXCL13 and adhesion molecules to recruit lymphoid tissueinducer cells and lymphocytes. 21 NF-κB-inducing kinase (NIK), which activates the kinase IKKα and induces p100 phosphorylation, is a crucial component of the noncanonical NF-κB signaling pathway. 22, 23 Alymphoplasia (Aly) mice carry a loss-of-function mutation in NIK and the Aly/Aly homozygous mice show impaired development of secondary lymphoid organs and B cells. 24 Similar phenotypes were also reported in NIK-knockout (KO) mice, 25 indicating that NIK plays a critical role in maintaining intact LNs and B-cell population. NIK is also expressed in endothelial cells in synovial tissue of rheumatoid arthritis, 26 although the functional significance is elusive and the role of NIK in normal endothelial cells is also unknown.
To study the function of NIK in lymphatic vessels, we generated conditional KO mice in which NIK was specifically deleted in LECs. We demonstrated that although LEC-specific deletion of NIK had no effect on the global function of lymphatic vessels, it unexpectedly caused reduced B-cell frequency and numbers in LNs because of impaired capacity to recruit B cells. We further obtained evidence that NIK was required for LEC expression of CXCL13, a chemokine that is crucial for B-cell homing. These findings suggest that NIK expressed by lymphatic vessels is important for the homing of B cells to LNs.
MATERIALS AND METHODS

Mice
The NIK-flox mice, provided by Genentech (South San Francisco, CA, USA), were generated using LoxP system targeting exon 2 of the NIK gene. 25 To create LECconditional NIK-KO (NIK LEC-KO ) mice, the NIK-flox mice were crossed with Lyve1 EGFP-hCre mice that express Cre and enhanced green fluorescent protein (EGFP) driven by the Lyve1 promoter 27 (The Jackson Laboratory, Bar Harbor, ME, USA) to generate WT (NIK +/+ Lyve1 +/Cre ), heterozygous (NIK +/fl Lyve1 +/Cre ) and homozygous NIK LEC-KO (NIK fl/fl Lyve1 +/Cre ) mice. Wild-type (WT) and NIK LEC-KO littermates were used for experiments. The mice were maintained in a specific pathogen-free facility, and the animal experiments were performed in accordance with protocols approved by the institutional animal care and use committee of the University of Texas MD Anderson Cancer Center.
Antibodies and reagents
Fluorescence-labeled antibodies for CD3 (17A2), B220 (RA3-6B2), CD4 (RM4-5), MHCII (M5/114.15.2), CD21 (4E3), CD23 (B3B4), CD11c (N418), CXCR5 (SPRCL5), GL7 (GL-7), PD1 (RMP1-30), CD45.2 (104), CD31 (390) and CD95 (15A7) were purchased from Thermo Fisher (Waltham, MA, USA). Anti-ICAM-1 (YN1/1.7.4), anti-LTβR (5G11) and anti-gp38 (8.1.1) were purchased from Biolegend (San Diego, CA, USA). CellTrace carboxyfluorescein succinimidyl ester (CFSE) Cell Proliferation Kit was from Thermo Fisher Scientific.
Flow cytometry and cell sorting
Flow cytometric analyses and cell sorting were performed using a LSRII FACSFortessa (BD, San Jose, CA, USA) and FACSAria (BD), respectively. A single-cell suspension was prepared and incubated with fluorescence-labeled antibodies for 30 min at 4°C
. Cells were then washed twice with phosphate-buffered saline with 3% fetal bovine serum and resuspended for flow cytometry analysis.
In vivo homing assay After lysis of the red blood cells, a single-cell suspension was prepared from the spleen of WT mice. Splenocytes were labeled with CFSE and injected intravenously into WT and NIK LEC-KO recipient mice. The CFSE + donor cells recruited to the spleen and LNs of recipient mice were analyzed by flow cytometry 4 h after injection. 28 FITC painting assay WT and NIK LEC-KO mice were shaved and painted on the posterior flank skin over inguinal LNs with 10 μl of 1% fluorescein isothiocyanate (FITC) solution. 29 1% FITC solution was prepared in acetone and dibutyl phthalate mixed in a 1:1 volume. FITC + DCs from inguinal LNs were analyzed by flow cytometry 18 h after painting to identify skin-derived DCs.
Measurement of lymph flow in the ear
To measure the lymph flow in the ear, 3 μl of 1% Evans blue dye solution was injected into the dermis of each mouse ear. 30 At 24 h after injection, mouse ears were removed and incubated in 500 μl of formamide at 55°C with constant agitation for 2 days to extract the remaining Evan blue dye. The amount of extracted dye was determined by measuring the absorbance at 620 nm.
Isolation of lymphatic endothelial cells
The isolation of lymphatic endothelial cells was performed as previously described. 31 Briefly, inguinal, axillary and brachial LNs were dissected from mice, opened with needles and pooled together. Pooled LNs were digested with 1 mg/ml collagenase IV and 40 μg/ml DNAse I in 2 ml RPMI-1640 medium with gentle stirring for 30 min at 37°C. The remaining fragments were further digested with 1 mg/ml collagenase D and 40 μg/ml DNAse I in 2 ml RPMI-1640 medium for 40 min with gentle pipetting every 10 min to break up the aggregates. EDTA was then added to a final concentration of 5 mM and cells were washed with RPMI-1640 medium and resuspended.
Real-time quantitative RT-PCR Total RNA was isolated from LECs and BECs with an Absolutely RNA Nanoprep Kit (Agilent, Santa Clara, CA, USA) and subjected to complementary DNA synthesis using MMLV (Moloney murine leukemia virus) reverse transcriptase (Invitrogen, Thermo Fisher) and oligo (dT) primers. Real-time quantitative PCR (qRT-PCR) was performed using iCycler Sequence Detection System (Bio-Rad, Hercules, CA, USA) and iQ SYBR Green Supermix (Bio-Rad). The expression of individual genes was normalized to the expression of β-actin (Actb). The primers used in qRT-PRC assays are shown below. β-Actin forward, 5′-CGTGAAAAGATGACCCAGATCA-3′; and reverse, 5′-CACAGCCTGGATGGCTACGT-3′. CCL19 forward, 5′-GCTAATGATGCGGAAGACTG-3′; and reverse, 5′-ACTCACATCGACTCTCTAGG-3′. CXCL12 forward, 5′-GC TCTGCATCAGTGACGGTA-3′; and reverse, 5′-TGTCTGTTG TTGTTCTTCAGC-3′. CXCL13 forward, 5′-CATAGATCGG ATTCAAGTTACG-3′; and reverse, 5′-TCTTGGTCCAGATCA CAACTTCA-3′. CD31 forward, 5′-TCCCTGGGAGGTCGT CCAT-3′; and reverse, 5′-GAACAAGGCAGCGGGGTTTA-3′. VE-cadherin, 5′-TCCTCTGCATCCTCACTATCACA-3′; and reverse, 5′-GTAAGTGACCAACTGCTCGTGAAT-3′.
Mice immunization
Equal volumes of 2 mg/ml NP-KLH and 2 mg/ml Complete Freund's Adjuvant (CFA) were mixed vigorously for several minutes to form a white emulsion. WT and NIK LEC-KO mice were injected with 100 μl NP-KLH and CFA mixture subcutaneously near inguinal LN (iLN). Serum was collected 7 days after immunization and analyzed by enzyme-linked immunosorbent assay to determine the antigen-specific immunoglobulins M and G (IgM and IgG). Immunized mice were killed in the meantime and iLNs were removed and analyzed by flow cytometry or processed for hematoxylin and eosin staining.
Statistical analysis
Two-tailed unpaired t-test statistical analysis was performed using Prism software (La Jolla, CA, USA). The P-values of o0.05 were considered significant, and the level of significance was indicated as *Po0.05, **Po0.01 and ***Po0.001. and are presented as means ± s.e.m. *Po0.05; **Po0.01; ***Po0.001. cLN, cervical lymph node; DC, dendritic cell; iLN, inguinal lymph node; KO, knockout; LEC, lymphatic endothelial cell; LN, lymph node; mLN, mesenteric lymph node; NIK, nuclear factor-κB-inducing kinase; NS, not significant, WT, wild type.
RESULTS
LEC-specific NIK is dispensable for global function of lymphatic vessels
To study the specific role of NIK in LECs, we generated LECconditional NIK KO (NIK LEC-KO ) mice by crossing the NIKflox mice with Lyve1 EGFP-hCre mice ( Figure 1a ) that express the EGFP-hCre transgene from the LEC-specific Lyve1 promoter. 25, 27 qRT-PCR analysis of purified cell populations revealed specific loss of NIK expression in LECs, but not in BECs, T cells, B cells or DCs (Figures 1b and c) . The NIK deletion did not affect the expression of LTβR (Supplementary Figure 1) , a well-defined noncanonical NF-κB-stimulating receptor in lymphoid stromal cells. 19 To assess whether the function of lymphatic vessel was affected, we examined the capacity of lymphatic vessels to drain fluid and transport DCs from peripheral tissue. We measured the lymph flow in the ear by injecting 3 μl of 1% Evans blue dye solution into the dermis of mouse ears and extracted remaining dye from the ears 24 h later. We then determined the amount of extravasated dye by measuring the absorbance at 620 nm. 30 Total Evans blue dye remaining in the ears of WT and NIK LEC-KO mice was comparable (Figure 1d ), suggesting normal lymphatic drainage of fluid in NIK LEC-KO mice. As Lymphatic vessels are crucial for DC migration from peripheral tissues to regional LNs, we next investigated the role of LEC-specific NIK in regulating DC migration. Mice were shaved and painted on the posterior flank skin over inguinal LNs with 10 μl of 1% FITC solution. 29 FITC + DCs from inguinal LNs were analyzed 18 h after painting to identify skin-derived DCs. The frequency of FITC + DCs in inguinal LNs of NIK LEC-KO mice was not significantly different from that of WT mice (Figure 1e ), indicating that LEC-specific deletion of NIK did not affect DC migration from skin to LNs. Collectively, these results suggested a dispensable role of LEC-specific NIK in regulating the function of lymphatic vessels, including fluid drainage and DC migration.
LEC-specific NIK deletion reduces the number of B cells in LNs
Although lymphatic vessels are known to mediate antigen uptake and DC migration from peripheral tissue, whether LECs play additional roles in the immune system is poorly understood. We thus examined the effect of LEC-specific NIK deletion on the homeostasis of immune cells in the spleen and LNs. The NIK LEC-KO mice did not have obvious abnormalities in the size of the spleen (Figure 2a ). The size of LNs was also normal, with the exception of iLNs that was substantially smaller with significantly reduced cellularity in the NIK LEC-KO mice (Figures 2a and b) . A more striking phenotype of the NIK LEC-KO mice was the reduced frequency and absolute numbers of B cells in both the iLNs and other LNs (Figure 2c ). In contrast, the frequency of T cells in LNs was elevated in the NIK LEC-KO mice compared with WT control mice (Figure 2c ), likely because of the reduction in B cells as the absolute number of T cells was comparable in cervical LNs (cLNs) of NIK LEC-KO and control mice and only slightly increased in mesenteric LNs (mLNs) of NIK LEC-KO mice (Figure 2c) . The absolute number of T cells significantly decreased in iLNs of the NIK LEC-KO mice (Figure 2c ). However, this was likely because of the overall reduction of cellularity but not a defect in T-cell homing, as the frequency of T cells was not reduced but rather increased in the NIK LEC-KO iLNs (Figure 2c ). The frequency of naive and memory-like populations of CD4 + and CD8 + T cells was also comparable between the WT and NIK LEC-KO iLNs, suggesting normal T-cell homeostasis (Supplementary Figure 2) . It is currently unclear how the LEC-specific NIK deletion selectively reduces the size and cellularity of iLNs, but this phenotype is highly reproducible.
To examine whether LEC-specific NIK had a general function in maintaining B-cell abundance in peripheral lymphoid organs, we examined the B-and T-cell frequencies in the spleen of NIK LEC-KO and control mice. Although LEC-specific deletion of NIK significantly reduced the number of B cells in LNs, the frequency and absolute number of B and T cells in the spleen remained unchanged in the NIK LEC-KO mice (Figure 2c ). Collectively, these findings suggested that NIK expressed by LECs plays a crucial role in regulating the abundance of B cells in LNs but not in the spleen.
LEC-specific NIK regulates B-cell homing to LNs
To understand the mechanism by which the LEC-specific NIK regulates B-cell frequencies in LNs, we examined the maturation of B cells in the spleen and LNs. Although B-cell development initiates in the bone marrow, the final steps of B-cell maturation occur in the periphery. 32 The majority of immature B cells ultimately differentiate into two subsets of mature peripheral B cells: follicular and marginal zone B cells. Both follicular (CD21 int CD23 + ) and marginal zone (CD21 high CD23 low ) B cells in the spleen showed similar frequencies and absolute numbers in WT and NIK LEC-KO mice (Figure 3a) . The vast majority of B cells in the iLNs were follicular (CD21 int CD23 + ) B cells, and the frequencies were comparable in WT and NIK LEC-KO mice, although the absolute number of follicular B cells was decreased in NIK LEC-KO mice because of reduced cellularity of iLN (Figure 3a) .
The results described above prompted us to examine the migration of B cells to the LNs of WT and NIK LEC-KO mice. We labeled splenocytes from WT mice with CFSE and adoptively transferred them into WT or NIK LEC-KO mice followed by measuring the frequency of the transferred B cells in the spleen and LNs of the recipient mice 4 h later. The WT and NIK LEC-KO recipient mice had similar frequencies and absolute numbers of CFSE + B cells in the spleen (Figure 3b) . However, the NIK LEC-KO recipients had a significantly reduced frequency and absolute number of CFSE + B cells in the LNs (Figure 3b ). The total cell counts of the spleen, mLN and cLN were comparable between the WT and NIK LEC-KO recipient mice, although the NIK LEC-KO iLN had significantly reduced cell numbers compared with the WT iLN ( Supplementary  Figure 3a) that was obviously because of the smaller size of the NIK LEC-KO iLN (Figure 2a) . Consistently, the number of T cells was also reduced in the NIK LEC-KO iLN. However, this was not because of homing defect, as the frequency of T cells in NIK LEC-KO iLN was even higher than in WT iLN (Supplementary Figure 3b) . The frequency of T cells was also higher in other NIK LEC-KO LNs than WT LNs (Supplementary Figure 3b) . These results suggested a crucial role for LECspecific NIK in regulating the homing of B cells, but not T cells, to the LNs.
NIK regulates expression of CXCL13 in LECs B cells home to the LNs via HEVs and rely on the chemokine CXCL13, although the underlying mechanism is incompletely understood. To examine how LEC-specific NIK regulated B-cell homing to the LNs, we analyzed different subsets of stromal cells from LNs, including BECs (CD31 + gp38 − ), LECs . Data are representative of two independent experiments and are presented as means ± s.e.m. *Po0.05; **Po0.01; ***Po0.001. CFSE, carboxyfluorescein succinimidyl ester; cLN, cervical lymph node; DC, dendritic cell; iLN, inguinal lymph node; KO, knockout; LEC, lymphatic endothelial cell; LN, lymph node; mLN, mesenteric lymph node; NIK, nuclear factor-κB-inducing kinase; NS, not significant, WT, wild type.
(CD31 + gp38 + ), fibroblast reticular cells (FRCs, CD31 − gp38 + ) and double negative stromal cells (CD31 − gp38 − ). 33 The frequencies of different subsets of stromal cells were similar in the LNs of WT and NIK LEC-KO mice (Figure 4a) . LECs, but not BECs, expressed Lyve1, as determined based on expression of the reporter GFP (Figure 4b ), confirming that Lyve1 was a specific marker for LECs and NIK was disrupted specifically in LECs of the NIK LEC-KO mice.
It has been reported that noncanonical NF-κB pathway mediates the lymphoid organ development by regulating the expression of various adhesion molecules and chemokines. 18 Therefore, we next investigated whether the deletion of NIK affects the expression of these molecules on LECs. LEC-specific deletion of NIK resulted in reduced expression of intercellular adhesion molecule 1 (ICAM-1) on LECs, but had no effect on ICAM-1 expression in BECs or FRCs (Figure 4c ). In term of chemokines, LECs, but not BECs, abundantly expressed CXCL13, and the LEC-specific NIK deficiency blocked the expression of CXCL13 (Figure 4d) . NIK was also partially required for the expression of CCL19 in LECs; however, CCL19 was also expressed in BECs (Figure 4d) . NIK was dispensable for the expression of the chemokine CXCL12 and the cell adhesion molecules CD31 and VE-cadherin (Figure 4d) . Collectively, these finding identified LECs as a source of CXCL13 expression and demonstrated a crucial role of NIK in regulating the expression of this B-cell homing chemokine on LECs.
NIK deletion impairs homing of CXCR5 + DCs
DCs from peripheral tissues migrate to regional draining LNs through lymphatic vessels to present foreign antigens to naive T cells. In addition, DCs from blood enter LNs crossing HEVs. 34 Chemokines play a crucial role in the trafficking of DCs from both periphery and blood to LNs. It has been reported that antigen-bearing mature DCs localize in the T-cell zone of LNs, a process dependent on the chemokine CCL19. 35, 36 However, emerging studies have also identified a population of CXCR5-expressing DCs that migrate to LNs in a CXCL13-dependent manner and localize near B-cell follicles. [37] [38] [39] As NIK regulated the expression of CXCL13 and CCL19 in LECs (Figure 4d ), we next examined the effect of LEC-specific deletion of NIK on DCs in the LNs. The WT and NIK LEC-KO mice had similar frequencies and absolute numbers of total DCs in the spleen (Figure 5a) . However, the NIK LEC-KO mice had a significantly reduced frequency and absolute number of total DCs in the LNs (Figure 5a ). This result was not because of the reduction in total cell counts, as the WT and NIK LEC-KO mice had comparable total cell numbers in the different LNs with the exception of the iLNs (Figure 2b) . We then investigated which subsets of DCs in iLNs were influenced by the deletion of NIK in LECs. Consistent with the result of FITC painting assay, which indicated normal migration of DCs from skin to iLNs through lymphatic vessels (Figure 1b) , the WT and NIK LEC-KO mice had similar frequencies of MHCII high DCs, a population of DCs derived from the skin 40 (Figure 5b ). In contrast, MHCII int DCs significantly decreased in the iLNs of NIK LEC-KO mice (Figure 5b) . Interestingly, further analysis of MHCII int DCs revealed reduced CXCR5 + DCs in the LNs, but not the spleen, of NIK LEC-KO mice (Figure 5c ). Collectively, these data suggested a crucial role of LEC-specific NIK in regulating DCs, particularly CXCR5 + DCs, in the LNs, likely through CXCL13.
Effect of LEC-specific NIK deficiency on immune responses
Humoral immune response depends on the formation of germinal centers (GCs) within LNs in response to T celldependent antigens, resulting in the generation of plasma cells and memory B cells. 41 Upon activation by antigens, B cells interact with cognate T cells to promote differentiation of the T cells into T follicular helper (T FH ) cells that in turn stimulate proliferation of the antigen-specific B cells within the GCs. To investigate the effect of LEC-specific NIK deficiency on humoral immune responses, we immunized WT and NIK-LEC-KO mice with the hapten NP (4-hydroxy-3-nitrophenylacetyl) linked to keyhole lympet hemocyanin (NP-KLH) that represents a T cell-dependent antigen. Under immunized conditions, the iLN in NIK LEC-KO mice still had smaller size and reduced cell counts than the iLN in WT mice (Supplementary Figure 4a) . Furthermore, compared with unimmunized mice, the frequencies of B cells in iLNs elevated in both WT and NIK LEC-KO mice after immunization (Figures 6a and 2c, and Supplementary Figure 4b) ; however, NIK LEC-KO mice still had lower frequencies and absolute numbers of B cells than WT mice (Figure 6a ). Further analysis of B-cell population revealed comparable percentages of CD95 + GL7 + GC B cells in WT and NIK LEC-KO mice, although the number of GC B cells decreased in NIK LEC-KO mice because of reduced cellularity and total B cells of iLNs (Figure 6b ). In addition, NIK LEC-KO mice had a reduced frequency and absolute number of CXCR5 + PD1 + T FH cells (Figure 6c ), likely because of reduced numbers of cognate B cells in the LNs. CXCR5 + DCs have been reported to migrate to B-cell follicles to interact with B cells during humoral immune responses, 37,39 and we thus examined CXCR5 + DCs in WT and NIK LEC-KO mice after immunization. Compared with unimmunized mice, immunized WT and NIK LEC-KO mice had increased frequencies and absolute numbers of CXCR5 + DCs in iLNs (Figures 6d and 5c, and Supplementary Figure 4c) ; however, NIK LEC-KO mice still had lower frequencies and absolute numbers of CXCR5 + DCs than WT mice under immunized conditions (Figure 6d and Supplementary  Figure 4c ). Histological analysis revealed that although the iLN of the NIK LEC-KO mice was smaller than that of WT mice, the overall structural pattern of lymphoid follicles was similar between the WT and KO iLNs (Supplementary Figure 4d) . During humoral immune responses, B cells are activated by antigens and become plasma cells within GCs that secret immunoglobulins to protect the host. We measured antigenspecific IgM and IgG in the serum of immunized mice and found that the production of antigen-specific IgG, although not IgM, was significantly reduced in NIK LEC-KO mice compared with WT mice (Figure 6e ). These findings together suggested that although the LEC-specific NIK deficiency did not influence antigen-stimulated activation and differentiation of B cells, the attenuated B-cell homing to LNs compromised the magnitude of humoral immune responses after immunization. kinase NIK in LECs, in which NIK mediated expression of the B-cell homing chemokine CXCL13. Although CXCL13 is known to mediate B-cell homing to LNs via the HEVs, the cells producing CXCL13 have been enigmatic. Our data revealed that LECs were capable of producing CXCL13 in a NIK-dependent manner. In addition to B cells, a population of DCs expresses the CXCL13 receptor CXCR5. As seen with B cells, the homing of CXCR5 + DCs to LNs was attenuated upon deletion of LEC-specific NIK. We further demonstrated that the NIK LEC-KO mice had compromised humoral immune responses, especially in the production of IgG. These findings suggest that the NIK-dependent CXCL13 expression in LECs play an important role in mediating B-cell homing to LNs and humoral immune responses.
The role of noncanonical NF-κB pathway in regulating B-cell development and function has been studied using conventional NIK KO mice and the Aly/Aly homozygous mice that carry a loss-of-function mutation in NIK. 24, 25 These mice exhibit disrupted lymphoid organ architecture, lack of LNs, reduced B cells and immunoglobulin production. 24 In addition, NIK-deficient B cells do not respond to B-cellactivating factor (BAFF) stimulation, suggesting that NIK plays a crucial role in regulating BAFF-mediated B-cell survival. 25 However, it has been difficult to fully elucidate the function of noncanonical NF-κB pathway using the conventional NIK KO or mutant mice because of their impaired lymphoid organogenesis. In the present study, we took advantage of conditional NIK KO mice to specifically delete NIK in LECs that allowed the study of NIK function in lymphatic vessels. In contrast to the whole-body NIK KO and mutant mice, the NIK LEC-KO mice had no obvious abnormalities in the spleen and LNs, with the exception of reduced size of iLNs. These conditional KO mice also have normal B-cell maturation and homeostasis in the spleen. Taking advantage of NIK LEC-KO mice, we discovered an unexpected role of NIK in regulating CXCL13 expression in LECs and B-cell homing into LNs.
The continuous migration of immune cells into LNs is crucial for immune surveillance of foreign pathogens. Naive T and B cells extravasate through HEVs, the site of lymphocytes trafficking from the blood to the LNs, via a multistep adhesion cascade. 46 Stromal cell networks and chemokines produced by stromal cells play an essential role in regulating the homing of immune cells into and within LNs. 47 T cells enter the T-cell areas in the paracortex of LNs, whereas B cells migrate into the B-cell follicles in the cortex that is regulated by CCL19, CCL21 and CXCL13, respectively. 4 The sources of these chemokines are poorly identified, although it has been reported that CCL21 is abundantly expressed by the endothelial cells of HEVs, whereas CXCL13 is mainly produced by non-HEV cells and transported to the luminal surface of HEVs. 10, 48 Also, FRCs in the T-cell zone secrete CCL19 and CCL21, whereas follicular dendritic cells (FDCs) in B-cell follicles produce CXCL13. [49] [50] [51] Lymphatic vessels are the major sites of migration of DCs and T cells from peripheral tissue to the regional LNs; however, it has remained unclear whether lymphatic vessels are involved in the chemokine production and the regulation of migration of immune cells from the blood. We found in this study that LECs in the LNs express CXCL13 and CCL19 that are significantly reduced in NIK-deficient LECs. In contrast, BECs produce CCL19 but not CXCL13. In addition, the homing of B cells to the LNs is severely impaired in NIK LEC-KO mice, indicating that NIK-expressing-LECs play a crucial role in regulating B-cell migration into the LNs, likely through CXCL13. Similar to our results, a prior in vitro study using mouse embryonic fibroblasts also demonstrates that the noncanonical NF-κB pathway regulates the production of CCL19 and CXCL13 in response to LTβR signals. 52 Our present study suggests abundant expression of LTβR in LECs, and it is known that immune cells, such as DCs and T cells, express ligands of LTβR. 53, 54 It is thus likely that NIK may mediate CXCL13 induction in the LTβR pathway in LECs. We found that the NIK LEC-KO mice had reduced, but not blocked, B-cell homing to LNs, despite the efficient deletion of NIK in LECs using the Lyve1-Cre. The partial block of B-cell homing might be because of expression of CXCL13 by other subsets of stromal cells, such as the FDCs, of NIK LEC-KO mice.
DCs migrate into the LNs by two routes: the afferent lymphatic vessels and the HEVs. 34 DCs from peripheral tissues uptake foreign antigens and traffic through afferent lymphatic vessels into regional LNs, where DCs present antigens to and activate naive T cells. In addition, plasmacytoid DCs and the precursors of conventional DCs enter LNs from the blood through HEVs. 55, 56 CCR7 has been identified as a key chemokine receptor regulating the migration of DCs into LNs. 35 CCL19 and CCL21, the ligands for CCR7, are involved in guiding DC migration into and within the LNs to the T cell zone, where T-cell priming takes place. 57, 58 In addition, CXCR5 + DCs have recently been identified in the spleen, LNs and the dermis of the skin. [37] [38] [39] CXCR5 + DCs in the LNs increase after infection with Heligmosomoides polygyrus and regulate type 2 helper T-cell responses. 37 CXCL13, the ligand for CXCR5, plays an essential role in the localization of CXCR5 + DCs near B-cell follicles. [37] [38] [39] However, the role of lymphatic vessels in regulating the migration of CXCR5 + DCs has remained unclear. We demonstrated here that CXCR5 + DCs significantly reduced in the LNs, whereas they remained unchanged in the spleen of NIK LEC-KO mice, suggesting that lymphatic vessels are involved in regulating the homing of CXCR5 + DCs to the LNs, likely through LEC-expressing-CXCL13 that is regulated by NIK. In contrast, the frequencies of skin-derived MHCII high DCs in the LNs were comparable between WT and NIK LEC-KO mice under both steady-state and inflammatory conditions, indicating that LEC-specific NIK is dispensable for MHCII high DC migration from the skin to the LNs.
We found that LEC-specific NIK deficiency did not influence antigen-stimulated B-cell activation or germinal center B-cell formation. However, in response to immunization by a protein antigen, the NIK LEC-KO mice produced reduced amount of IgG, although not IgM, compared with the WT mice. This result was consistent with the profound reduction in the number of B cells in the LNs of NIK LEC-KO mice. In addition, we found that the iLNs of immunized NIK LEC-KO mice had a reduced frequency and absolute number of T FH that may also contribute to the reduction in antibody production.
In summary, our findings have provided insight into the mechanism by which lymphatic vessels regulate immune cell homing. Our work has demonstrated a role for NIK in regulating the expression of CXCL13 by LECs and the homing of B cells and the CXCR5 + DCs to the LNs. Notably, our findings have implications for the development of potential therapeutic approaches targeting lymphatic vascular system for manipulating humoral immune responses.
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